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Abstract
We demonstrate how to create all-dielectric metasurfaces with a strong toroidal
response by arranging two types of nanodisks into asymmetric quadrumer clusters.
We demonstrate that a strong axial toroidal response of the metasurface is related to
conditions of the trapped (dark) mode that is excited due the symmetry breaking in the
cluster. We study the correlation between the toroidal response and asymmetry in the
metasurface and nanocluster geometries, which appears from the different diameters of
nanodisks or notches introduced into the nanodisks.
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Toroidal multipoles appear as fundamental electromagnetic excitations different from the
familiar electric and magnetic multipoles.1 It is known that electric multipoles result from
positive and negative charges positioned over a distance, whereas magnetic multipoles are
produced by electric currents circulating on a contour. In contrast, the simple member of
the toroidal multipoles, a magnetic (polar) toroidal dipole, is created by poloidal electric
currents flowing on a surface of a torus along its meridians. Such a current flow can be
represented as a set of magnetic dipoles arranged head-to-tail to form a closed ring. A
dual counterpart of the polar toroidal dipole is an electric (axial) toroidal dipole, which is
composed by a ring of the electric dipolar configurations.2,3 Mathematically speaking, both
electric and magnetic multipoles appear from the Taylor expansions (known as the multipole
expansions) of the electromagnetic potentials and sources, whereas toroidal multipoles are
obtained by the decomposition of the moment tensors.4,5 In this decomposition a magnetic
toroidal dipole moment is represented by a time-odd polar vector, which changes sign under
both time and space inversions. In the electric toroidal dipole moment these inversions are
symmetric.
It is revealed that both types of toroidal multipoles can exist in natural media. In
particular, a static toroidal moment appears in several ferroelectric systems,6,7 biological
and chemical macromolecules,8 and glasses.9 Its nature is of great interest in solid state
physics because it is expected that toroidal topology can open up possibilities for a new
kind of magnetoelectric phenomena with their prospect in applications for data storage and
sensing.10 Unfortunately, the toroidal response in natural media typically is very weak and
hardly measurable since it is often masked by much stronger electric and magnetic multipoles.
Importantly, the toroidal effects can be enhanced significantly in artificial materials
(metamaterials) configured on demand.11,12 In particular, an appearance of a dynamic toroidal
moment has been demonstrated for the first time in the microwave band in the metamate-
rial constructed from a periodical arrangement of clusters (meta-molecules) of four metallic
split wire loops.1 The conductive currents excited by an incident plane electromagnetic wave
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in the arcs of such a meta-molecule resemble the flow similar to that existing in toroidal
wire coils.13 Such current configuration provides suppressing of the magnetic and electric
moments, against which a toroidal response arises. This approach is further developed in
other designs based on split-ring and double-ring resonators (or their metallic counterparts)
for operating in microwave,14–18 infrared,19–21 and visible22–24 parts of spectrum.
Nevertheless, the implementation of toroidal response based on metamaterials with metal-
lic inclusions operating in the infrared and visible spectra runs into serious obstacles. In fact,
metallic particles in a meta-molecule capable to support a toroidal response usually have a
very intricate shape, and, thus, there is an apparent technological problem of their manu-
facturing on the nanometer scale. Another severe problem is Ohmic losses and, thus, huge
energy dissipation in metallic components of the meta-molecule which inevitably appears
at the optical frequencies. In order to resolve these issues, we should employ all-dielectric
metamaterials.25–28
All-dielectric metamaterials consist of specially arranged dielectric particles or clusters
based on them. Each single particle ("meta-atom") is made of a high-refractive-index low-loss
material, and it behaves as an open volumetric dielectric resonator. The resonator supports a
variety of electric and magnetic dipolar and multipolar modes (referred to Mie-type modes29)
associated with strong displacement (polarization) currents induced inside the particle by an
incident electromagnetic wave, and appearance of these modes can be spectrally controlled
and engineered independently. However, since the particles have a simple shape being made
of a nonmagnetic material, a toroidal response can be excited in a single particle of a larger
size,30 but to excite a strong toroidal moment, we should consider a cluster (meta-molecule)
of dielectric particles.18,31,32
Depending on the light polarization and spatial symmetry of the meta-molecule forming
the metamaterial, different strategies are proposed to excite the toroidal moment. Thus, an
electromagnetic wave, with either linear,21 radial,33 or circular polarization,17,34 has been
used to illuminate the metamaterials normally, laterally, or obliquely (in fact, split-ring res-
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onator’s based metamaterials usually are illuminated from the lateral direction). In general,
the polarization of the electric field of the incident light induces effective current loops in the
structure, which generates magnetic dipoles. By carefully tailoring the structure elements
considering polarization of the incident wave, a vortex of magnetic dipoles, i.e. a toroidal
moment, is thus achieved.10
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Figure 1: Schematic of an all-dielectric metasurface. A meta-molecule is made of a cluster
consisting of two pairs of dielectric nanodisks with different radii a1 and a2, so that the
cluster is asymmetric with respect to the x-axis. lattice spacing is dr. The whole structure
is under an illumination of a normally incident plane wave whose electric field is directed
along the x-axis (x-polarization).
Apart from a variety of known metamaterial’s configurations supporting Mie-type multi-
pole excitations we further distinguish a particular class of resonant metasurfaces which allow
obtaining the strongest resonant response in a deeper subwavelength optically thin structure
due to excitation of so-called trapped (dark) modes.35,36 As known, such modes appear in
metamaterials provided that their meta-molecule possesses certain structural asymmetry.
In the all-dielectric meta-molecule an electromagnetic coupling between dielectric particles
arises from particular antiphase oscillations of displacement currents that are weakly coupled
to free space.37,38
In this Letter, we demonstrate that with a proper arrangement of dielectric particles
forming a spatially asymmetric cluster, we can realize an all-dielectric metasurface with a
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strong axial toroidal response. Such a toroidal response appear from the trapped mode
excitation by a normally incident linearly polarized plane electromagnetic wave. We believe
this is the first example of such metasurfaces that may initiate novel experimental studies
with the generation and enhancement of optical toroidal moments.
As the first step, we demonstrate an axial toroidal response that appears in an all-
dielectric metasurface whose unit cell (meta-molecule) is made of a cluster consisting of four
solid nanodisks (a quadrumer). The cluster is a square (dx = dy = d), and the distance dr
between the centers of disks is fixed in both x and y directions. All disks are made from a
nonmagnetic lossless dielectric having permittivity εd and height hd. We consider that the
nanodisks are grouped into pairs in which the disks differ in radius (a1 6= a2). The pairs
are then arranged within the cluster in such a way that the meta-molecule appears to be
symmetric with respect to the y-axis, whereas with respect to the x-axis it is asymmetric.
The parameter ∆ is introduced to specify the difference in radii of the nanodisks in their pairs
forming the cluster, and, thus, this parameter expresses the degree of structural asymmetry
of the unit cell. Finally, the lattice of disks is buried into a dielectric host having permittivity
εs and thickness hs to form a metasurface (Fig. 1).
In order to excite the trapped mode, the electric filed vector ~E of the incident wave has to
be oriented along the axis of the structure asymmetry. Therefore, further we define that the
metasurface under study is illuminated by a normally incident plane wave (~k = {0, 0, kz}),
whose electric field vector ( ~E = {Ex, 0, 0}) is directed along the x-axis (x-polarization).
We perform a numerical study of the electromagnetic response of the metasurface using
the RF module as a part of the commercial COMSOL Multiphysics finite-element-based
electromagnetic solver, where the Floquet-periodic boundary conditions are imposed on four
sides of the unit cell to simulate the infinite 2D array of volumetric dielectric resonators.39
In our numerical model we suppose that disks are made of silicon (εd = 13.7), and they
‘hang’ in the air (εs = 1). We introduced the last assumption, realizing that, in fact, if the
structure is completely buried inside a dielectric host with relative permittivity εs > 1, the
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resonant frequencies will reduce with the factor
√
εs.40
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Figure 2: (a) Transmission coefficient magnitude of an all-dielectric metasurface whose meta-
molecule is made of an asymmetric cluster of four solid disks, and (b) cross-section patterns of
displacement currents (black arrows), electric (red arrows) and magnetic (blue arrows) field
distribution which are calculated within the meta-molecule at the corresponding resonant
wavelength; d = 1250 nm, dr = 540 nm, hd = 120 nm, a1 = 240 nm, a2 = a1 −∆.
It is well known that in a metasurface consisting of an array of equidistantly spaced
subwavelength dielectric disks each particle (meta-atom) behaves as an individual resonator
sustaining a set of electric and magnetic multipole modes whose coupling to the field of the
incident wave produces a strong resonant electromagnetic response of the whole metama-
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terial.25 From this set of modes the first two long-wavelength resonances appear from the
elementary magnetic dipole (MD) and electric dipole (ED) excitations. Their order on the
wavelength scale may vary depending on the geometrical parameters of the disks. In fact,
among other parameters, the resonant wavelength of the MD and ED excitations depends
crucially on the disk height and radius, respectively.
Unlike the previous situation, the unit cell of the metasurface under study is formed by a
cluster which itself appears as a subwavelength meta-molecule, where four disks are arranged
closely to each other. In this case an overall metamaterial response is mainly determined by
the degree of electromagnetic coupling between the particles inside the cluster rather than
by the individual disks. The mutual influence of neighboring clusters of the 2D lattice also
has an effect. It inevitably leads to appearance of a complex collective behavior of modes
which is very different from that of the elementary MD and ED excitations.
The appearance of such a collective response is confirmed by our numerical simulations of
both transmitted spectra of the metasurface and patterns of the displacement current, electric
and magnetic field distributions inside the unit cell (Fig. 2). The latter are calculated at
particular resonances corresponding to the certain mode excitations. For all our presented
illustrations the wavelength range is chosen in such a way that only the first three long-
wavelength resonances are inside the region of interest.
Thus, in the symmetric design when all disks in both pairs of the cluster have the same
radius (∆ = 0), there is only one resonance in the chosen wavelength range. We distinguish
it as a collective response of four longitudinal MDs. Thus, the displacement currents at
the resonance demonstrate a circular behavior twisting around the center of each disk in
the x − y plane producing four magnetic moments oriented along the z-axis (see the first
column in Fig. 2b), and these moments oscillate in antiphase in disks oppositely located with
respect to the x-axis. In fact, the displacement currents resemble behaviors of the TE01 mode
inherent to the individual cylindrical dielectric resonators.41,42 The resonance related to such
a collective magnetic response acquires a sharp peak-and-trough (resonance-antiresonance)
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profile known as Fano one.43 It appears since the resonance produced by MDs is overlapped
with the broad electric dipole resonance which is induced by the incident electromagnetic
wave on the whole meta-molecule. Moreover, this resonance is polarization-insensitive (i.e., it
appears in the transmitted spectra for both x-polarized and y-polarized waves) and cannot be
excited in a lattice with equidistantly spaced identical particles since the oppositely directed
magnetic moments fully compensate each other in this case.
As soon as an asymmetry in the meta-molecule is introduced (∆ 6= 0), besides the
resonance related to the previously discussed combination of four longitudinal MDs, two
additional resonances appear in the transmitted spectra of the metasurface within the wave-
length range of interest. Considering the corresponding displacement current distribution,
and patterns of the electric and magnetic fields inside the cluster we relate these resonances
to the electric quadrupole (EQ) and electric toroidal dipole (TD) excitations, correspond-
ingly, from the left to right on the wavelength scale. The EQ mode evidently appears from
the uncompensated electric moments, which arise in the disks with different radii. The TD
mode is recognized from a peculiar closed loop of the displacement currents that penetrates
all four disks in the cluster and encloses the circulating electric field lines into a torus,
whereas the magnetic field lines are directed along the torus meridians. Remarkably, both
modes produce the resonant spectral line having the Fano form. From the complete set of
curves presented in Fig. 2a one can also conclude that as the degree of asymmetry increases
all three distinguished resonances remain stable performing only a small blue-shift, while
the distance between the resonances is almost unchanged. Since the asymmetric cluster ge-
ometry is inherently anisotropic, both EQ and TD resonances appear only for x-polarized
excitation.
Remarkable, all mentioned resonances exist only in a complicated (cluster) metasurface
and do not arise in a lattice with equidistantly spaced identical solid disks. We explain this
fact in terms of compliance of their resonant conditions to those existing in the trapped
modes. The trapped modes appear in solutions of the scattering and radiation problems,
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where they represents a free (eigen) oscillations with finite energy of the fluid surrounding the
fixed structure. Mathematically, the trapped mode corresponds to an eigenvalue embedded
in the continuous spectrum of the relevant operator.44,45 Such a combination of the discrete
and continuous spectra results in the fact that the resonant characteristic of the system
supporting trapped modes acquires a Fano profile.
In particular, in the metasurface under study, for all three resonances there are branches
where the corresponding displacement currents oscillate in antiphase. In the lattice having
equidistantly spaced disks all moments produced by such antiphased oscillations are fully
compensated (i.e., these oscillations resemble the trapped mode behaviors and are not cou-
pled to free space). In the asymmetric structure the moments are no longer compensated,
and, thus, there is a coupling of the corresponding trapped mode with the field of the incident
wave, which results in the resonance arising in the electromagnetic spectra. We should note
that the scattered electromagnetic far-field produced by the trapped modes is very weak,
which drastically reduces the structure coupling to free space at the resonance and therefore
decreases strongly the radiation losses.35,36 It explains a high-Q feature of the corresponding
resonances.
Structural asymmetry in the metamolecule and the coupling to the trapped modes can
be created in various ways. On the other hand, in order to excite the toroidal dipole mode,
an arrangement of particles inside the cluster should be carefully tailored. Below, we discuss
the toroidal dipole excitation for another metasurface’s design, where the disks in the cluster
have the same radius, while a spatial asymmetry is introduced by a certain perturbation in
the nanodisks. In particular, we propose to form a meta-molecule by combining a pair of solid
disks with another pair of disks having a coaxial-sector notch (smile). We prefer this design
considering that the notch has a form to affect the circulating displacement currentsthat
produces a toroidal responce.
In this geometry, ∆ is the radius of the sector mid-line, 2ah is the notch width, and α
is the sector opening angle. The form of the unit cell is presented in Fig. 3 from which one
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Figure 3: (a) Transmission coefficient of an all-dielectric metasurface whose asymmetric
meta-molecule is made of a cluster with a pair of two solid nanodisks and two nanodisks
having coaxial-sector notch (smile), and (b) cross-section patterns of the displacement cur-
rents (black arrows), electric (red arrows) and magnetic (blue arrows) fields calculated within
the unit cell at the corresponding resonant wavelengths; d = 1250 nm, dr = 540 nm,
hd = 120 nm, a1 = 240 nm, ah = a1/2, w = a1/2.
can conclude that in this design the cluster’s asymmetry is preserved with respect to the
x-axis, while the degree of asymmetry is defined by the sector opening angle α. Moreover, it
is obvious that the degree of asymmetry varies between two extreme angles αmin = 0◦ and
αmax = 360
◦ at which the meta-molecule becomes symmetric.
A set of corresponding curves for the transmission coefficient calculated versus the wave-
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Figure 4: Displacement current (black arrows), electric (red arrows) and magnetic (blue
arrows) fields calculated within the unit cell of a metasurface at the corresponding wave-
length of the toroidal dipole mode for two particular designs; d = 1250 nm, dr = 540 nm,
hd = 120 nm, a1 = 240 nm. The metamolecule is made of a cluster with either two solid
nanodisks and two nanodisks with a rectangular notch (top row) or two solid nanodisks and
two nanodisks with a rounded notch (bottom row); ah = a1/2, and w = a1/4.
length of the incident wave is presented in Fig. 3 for the proposed metasurface’s design. Our
simulations also yield the displacement currents distribution as well as electric and magnetic
field patterns plotted inside the unit cell which allow identification of the modes associated
with the calculated transmitted spectra. One can see that in the transmitted spectra there
appear all previously discussed resonances, and, thus, the cluster with smile disks is suit-
able for the toroidal dipole excitation. Nevertheless, while the quality factor and resonant
wavelength of the longitudinal MD excited by such disks are almost identical with the pre-
viously considered for the solid disks, those of the QD and TD are strongly dependent on
the sector opening angle, and there is a variation of the distance between QD and TD res-
onances on the wavelength scale. It can be concluded that such a design gives more tuning
freedoms where the notch parameters open a prospect to find an optimal solution for the
meta-molecule geometry producing the maximally bright TD response. Moreover, the notch
can be filled with other material possessing properties of a nonlinear or gain medium to
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expand the metasurface functionality.38,46–48
Taking into account the fact that nanodisks with complex coaxial-sector notches are
difficult to fabricate for the visible spectrum, we consider simpler designs of the nanocluster.
Thus, combinations of pairs of the solid nanodisks with commensurate nanodisks having
either rectangular holes or rounded notches were additionally simulated (see Fig. 4). We
find that in both these configurations the toroidal mode is still excited. Therefore, it can
be concluded that the conditions for the toroidal mode excitation are determined by the
presence of a structural asymmetry; it depends also on the arrangement of particles inside
the cluster and on the nature of the introduced inhomogeneity into the nanodisks, however
all these parameters must be matched appropriately.
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Figure 5: Transmission coefficient of an all-dielectric metasurface with a diatomic design.
A unit-cell cluster consists of a pair of two solid nanodisks and two nanodisks with coaxial-
sector notches along diagonals. Insets show the displacement currents calculated inside the
unit cell at the corresponding resonant wavelength; d = 1250 nm, dr = 540 nm, hd = 120 nm,
a1 = 240 nm, ah = a1/2, w = a1/2, α = 120.
In order to ensure certain generality of our analysis and conclusions, we have consid-
ered several other related metasurface structures composed on two types of resonators. It
is expected that some other designs would allow to realize the toroidal response in the
polarization-insensitive setting. An example of our numerical studies is shown in Fig. 5. We
observe that only two closely spaced resonances appear in the wavelength range of interest,
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which correspond to the longitudinal MD excitation in the pairs of either solid nanodisks or
nanodisks with notches. Thus, we confirm that the exitation of a strong toroidal responce
in a polarization-insensitive all-dielectric metasurface is a highly nontrivial problem with no
general answer.
In summary, we have demonstrated that an all-dielectric metasurface composed of asym-
metric clusters of closely spaced dielectric nanodisks supports a strong axial toroidal mo-
ment. Such a toroidal moment originates from a trapped mode which is excited by an
incident electromagnetic wave due to the symmetry breaking in the nanocluster. Our find-
ings are supported by numerical simulations and qualitative studies, and they represent an
important manifestation of the artificial magnetism that can be achieved in the all-dielectric
metamaterials at optical frequencies.
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geometries, which appears from the different diameters of nanodisks or notches introduced
into the nanodisks.
Figure 6: ToC-image
17
